Abstract
Introduction
Electrical discharge machining (EDM) is directly to use the electrical energy and heat energy to fabricate the workpiece. In the machining process, the material is wiped out of the workpiece just by a succession of electrical discharges occurring between the workpiece and the electrode which is not contacted with each other and produce local and instantaneous high temperatures [1] . EDM is used widely in machining special structure and complex shape parts in aerospace and nuclear sector by reason of it can machine every conductive material effectively and economically with no obvious mechanical cutting force, which has no limit on the hardness, brittleness tenacity and melting point of the workpiece material. Its typical applications include the processing of cooling holes on turbine blades and fuel nozzles [2, 3] . Because the material is removed by melting and vaporization, the resolidified/recast layer is inevitable to produce on the top surface of the workpiece by subsequently resolidifies and cools at a high rate. When the recast layer is observed by scanning electron microscope, the layer is white and can be called the white layer. It contains numerous pock marks, globules, cracks and microcracks and will influence the fatigue life of parts. Various researchers have made a great deal work to optimize and reveal the relationship between the input parameters and output parameters like metal removal rate (MRR), tool wear rate (TWR), and surface finish. However, the efforts are less concentrated towards the white layer thickness and tool wear ratio. According to the research of Ti-6Al-4V alloy machining by EDM about recast layer/white layer is less. Because of the Ti-6Al-4V alloy properties such as high strength-to-weight ratio, high temperature stability and good corrosion resistance are classified as difficult-to-cut materials [4] . However, the Ti-6Al-4V alloy is commonly used in the important industries such as aerospace; the recast layer/white layer machined by EDM will have a great effect on the finished workpiece.
Some investigations have been conducted on MRR, EW and WLT in the EDM/micro-EDM process. H. Ramasawmy [5] made an attempt to investigate the relationship between the EDM process factors (current and pulse on time) and the thickness of the white layer. It correlates the thickness of the white layer with 3D surface roughness parameters and reveals a better correlation between the average thick ness of the white layer and the spatial parameters. Ahmet [6] carried out the experiments to machine the Ti-6Al-4V with different electrode materials (graphite, electrolytic copper and aluminium) using the process parameters (pulse current and pulse duration). It was noted that the value of material removal rate, surface roughness, electrode wear and average white layer thickness increase accompanying with the increasing current density and pulse duration. Among the different electrode materials, the graphite electrode is best choice on material removal rate, electrode wear and surface crack density although the poorer surface finish. Unfortunately, this experiment just reveals the relationship between the average white layer thickness and the process parameters with no mathematic model. Ulas caydas and ahmet hascalik [7] made an attempt to model electrode wear and recast layer thickness through surface methodology (RSM) in a die-sinking EDM process. Analysis of variance (ANOVA) was applied to study and pointed out the pulse current was the most important factor related to the EW and WLT, but the pulse off time is not important factor. B. Jabbaripour [8] changed the main machining parameters just as pulse current, pulse on time and open circuit voltage during EDM tests. Analysis of variance (ANOVA) was done and revealed the current and voltage have significant effect on the MRR, the current. In the same way the pulse on time, voltage and current have significant effect on the tool wear ratio. It was reported that the recast layer thickness has great relationship with the pulse energy based on pulse on time and pulse current variations.
In the present investigation, the machined micro-holes in Ti-6Al-4V have been carried out using EDM with the electrode which is made of copper of 500 m  sizes. It is evident that although a number of studies were made on EW, MRR and thickness of the white layer, most of them just note the simple relationship between the process parameters and WLT. In this study, the response surface methodology based on the central composite design (CCD) which is used to predict the TWR and WLT. The experimental trials are performed in the Design-Expert 8.05 software. ANOVA method is utilized to check the validity of the models.
Experimental Design and Response Surface Methodology
The response surface method is by constructing a clear form of implicit polynomials to approximate expression function, which use a limited test by regression analysis to fit the analytical expression to replace the real response surface [9] . Response surface method is an interaction of mathematical and statistical techniques for modeling and analysis of machining parameters in the EDM process which contains the discharge current, pulse on time and pulse off time in order to obtain the relationship to the WLT and TWR. In this study, the central composite design (CCD) is used to finish the experimental design [10] .
In general, the response of the system y and design factors 12 ( , , , ) n x x x can be represented as following:
Where y is the response of the system, f is the response function(or response surface), 12 ,,
x are the independent input variables and  is the fitting error. In present, most of all use the quadratic model to demonstrate the second-order effect of each variable and the two-way to find the interaction between combinations of these design factors. The quadratic model of y can be written as follows [11] :
Where 0
i ii  and ij  are the coefficients of linear, quadratic and cross product terms, respectively. For three variables (n=3), the experimental runs number is 20 which consists 3 2 factor points, 6 axial points and six center points. Design scheme of machining parameters and their levels as shown in Table 1 . 
Experimental Procedures
In the present investigation, the series of experiment were performed on a die-sinking EDM machine of type MITSUBISHI ELECTRIC-EX22 shown in Figure 1 and the model is FP60E of 8.7 KVA machine unit input. The electrode is made of a pure cylindrical copper rod 500 m  in diameter and 15 mm in height. The physical and mechanical properties of electrode are showed in Table 3 , and kerosene was used as a dielectric. Ti-6Al-4V was selected as the work material which is widely used in many industries, the chemical composition of it is given in Table 4 and their physical and mechanical properties are given in Table 5 . Each experimental workpiece was cut as a rectangular of 20 15  mm2and the thickness is taken as 500μm. The EDM operating conditions were illustrated in Table 6 . The white layer thickness was measured by using scanning electron microscope (JSM-7500F) with high magnification. Tool wear was calculated by using the following formula:
Where b W and a W are the weights of the copper electrode material before and after the machining process, t is the time of machining process in each EDM test. The micro-level balance was used to measure the weights of the copper electrode. The white layer thickness/recast layer thickness was the average layer thickness. The photograph of one hole as taken from SEM is shown from Figure 2 and the white layer/recast layer thickness is clearly visible in the figure. In the Figure 2 
Result and discussion
In this study, there are more machining parameters to be considered in EDM process.
However, the independent variables as the pulse -on-time ( i t ), pulse -off-time ( s t ) and pulse current ( I ) were selected to predict TWR and WLT. The design of machining parameters and their levels for the CCD used was shown in Table 1 . According to the relationship in Table 1 , the design layout and experiment results as given in Table 2 .
ANOVA analysis
In this study, the analysis of variance (ANOVA) is utilized to summary the above tests performed and analyze the results of the experimental runs. As per this technique, the response variables TWR and WLT were evaluated by the F-test of ANOVA shown in Table 7 and Table 8 , respectively. The model should be considered to be significant when the p-values were less than 0.05 and 0.001 when using 5% and 1% significance levels. In the Table 7 and Table 8 , the p-values are less than 0.05 which indicate that the model for TWR and WLT are significant. In the same way, the effect of the pulse on time and discharge current were significant which could be seen in the Table 7 and the effect of the discharge current, pulse on time and pulse off time were significant which can be seen in the Table 8 .
It can be seen that the effects of 1 3 1 3 2 3 , , , X X X X X X and 2 3 X were statistically significant according to the model of TWR when the P value in Table 7 . In the same manner, the effects of   2  1  2  3  2 , , , X X X X and 2 3 X were statistically significant. Both of the model TWR and WLT, the discharge current ( 1 X ) played the important role in the machining process. From the results presented in Table 6 and according to the Eq. 2, we present the full form of the desired models as follows: TWR model equation: 
TWR t t I t t t I t I t t I
The Eq. 4 and Eq. 5 can be used to predict the TWR and WLT by using the actual factors just as , is tt and P I .
Tool wear analysis
In order to model the behavior of TWR for 4 TC and the second-order model was selected taking into account the P values obtained for the lack of fit tests (where the p value is less than 0.0001 respectively). According to this, the model of the TWR turned out to be significant. From the Table 7 , the two main significant factors are pulse on time (P value is less than 0.001) and discharge current (P value is less than 0.001). The Figure 3 , 4 and 5 are shown the relationship between the two input parameters and tool wear ratio at the middle level of the other two variables. Figure 3 shows the estimated response surface of TWR in function of pulse on time and pulse off time. According to the change of i t , the tool wear ratio is a constant and although the value of s t increase. This behavior of TWR with respect to pulse on time, it increases when the value of pulse on time increased. This could be explained by the discharge energy increase and the tool wear will increase at the same time. Figure 4 shows the estimated response surface of TWR in function of discharge current and pulse on time.
When the discharge current increase, the tool wear ratio is increased regarding to the discharge energy increasing. From the Figure 4 and Figure 5 the TWR increase sharply by the value of the discharge current increase. However, the value of the pulse on time increase and the TWR increase slowly. In the same manner, the value of the pulse off time increase and the TWR just is a constant. This will be explained by the Table 7 , the design factor of the pulse off time is not significant factor. 
White layer thickness analysis
In the same way as for the TWR and taking into consideration the P values of the lack of fit tests, the second model was selected to model WLT in the case of 4 TC (P value is less than 0.0001 which indicates that the model is significant). From the Table 8 , the significant factors are discharge current, pulse on time and pulse off time that the P values of each other is less than 0.05. It can be clearly seen that the higher value of the discharge current the sharper increase in WLT rather than other input parameters in the Figure 6 -8. According to this, the discharge energy increasing lead to the white layer thickness increased. Accompany with the increasing discharge current, the removed material from the machined surface is more when the pulse on time is a constant. The Figure 7 is shown that the value of the pulse on time increase leading to the WLT increasing because of more discharge energy is transformed to surface of workpiece during a single pulse. From the analysis of the model, the pulse off time is significant and the reason will be that the flushing away by dielectric fluid the less volume of molten particles are re-solidified that leads to induce of WLT when the value of the pulse off time increasing. 
Conclusion
In this study, the TWR and WLT in die-sinking EDM process were modeled and analyzed the influence of three machining variables (namely, discharge current. pulse on time and pulse off time) on the performance of the EDM machined Ti-6Al-4V alloy through response surface methodology (RSM) and central composite design. Analysis of variance (ANOVA) was applied to study. The predicted values match the experimental values reasonably well, with 2 R of 0.9258 for TWR and 2 R of 0.9295 for WLT. This study demonstrates this method can be successfully used to model it. Discharge current was the significant factor of the three input parameters to affect the both TWR and WLT, some difference unlike the others reported the pulse off time had some effect on the WLT. The lower discharge current, lower pulse on time and longer pulse off time could minimize the WLT. Obviously, this method can cost less to obtain information for any system with the fewest number of experiments.
